ABSTRACT: Trace amounts of labile chlorines present in poly(vinyl chloride) (PVC) were found to act as initiation sites for the preparation of graft copolymers of PVC by copper-mediated atom transfer radical polymerization (ATRP). High grafting yields were attained during the graft copolymerizations of n-butyl acrylate (161.8%) and 2-ethyl hexyl acrylate (51.2%) in 7.5 h. In both cases, the grafting proceeded with first-order kinetics with respect to the monomer concentrations, this being typical for ATRP. Gel permeation chromatography traces of the resulting products did not exhibit additional peaks attributable to the formation of free homopolymers. The presented procedure offers an efficient means of preparing self-plasticized PVC structures.
INTRODUCTION
Copper-mediated atom transfer radical polymerization (ATRP) has been one of the most efficient controlled/living polymerization methods since its introduction by Wang and Matyjaszewski. 1 The controlled chain growth and living nature of ATRP make it very useful for the preparation of well-defined block and graft copolymers. 2, 3 Another advantage of this method over common radical initiation methods is that only negligible homopolymer formation is observed when it is employed in graft copolymerizations. 4, 5 For this reason, ATRP is also very efficient for grafting from solid surfaces. Generally homopolymer formation is not observed in this graft method. 6 -8 In this study, graft copolymers of poly(vinyl chloride) (PVC) were prepared by ATRP. The main purpose of the PVC grafting was to impart a plasticizing effect. Mixing with a liquid plasticizer and self-plasticization by the copolymerization of vinyl chloride and vinyl acetate are commercially important methods of plasticizing PVC. 9 The partial modification of PVC by sodium diethyl dithiocarbamate and subsequent heating 10 or UV irradiation 11, 12 has also been demonstrated to be efficient for grafting acrylate and N-vinyl pyrrolidone monomers from PVC.
Graft copolymers of PVC have also been prepared by ATRP from a PVC copolymer possessing vinyl chloroacetate segments (a few percent). 13 The chloroacetyl groups of the polymer have been used as initiation sites for ATRP because of the inertness of the chlorine atoms of PVC itself for the ATRP initiation. PVC differs from single alkyl halides, in that the chlorine atoms of PVC do not readily undergo substitution reactions under ordinary conditions. Under drastic conditions, dehydrochlorination takes place and yields conjugated polyene structures. However, commercial PVC contains minute amounts (ca. 1%) of labile chlorine atoms, which are responsible for the initiation of thermal dehydrochlorination. 14, 15 Allylic chlorines and tertiary chlorines at branching points are considered to be labile chlorines. The number of labile chlorines depends on the polymerization conditions of vinyl chloride. Head-tohead monomer addition and subsequent chain transfer to the monomer may lead to allylic chloride and branch defects. Branching may also result from chain transfer to the monomer after back-biting and chain transfer to PVC. 16 Labile or active chlorines have been shown to be very useful for cationic graft copolymerization with some vinyl monomers, including isobutylene, with dialkyl aluminum as a catalyst. 17 The same catalysis mechanism has been employed for quantitative allylation via active chlorines of PVC. 18 Caraculacu et al. 19 suggested an analytical procedure for the determination of the labile chlorines in PVC.
This method relies on substitution by the sodium salt of dithiocarbonic acid through the labile chlorines of PVC, and the amount of replaced chlorine is determined from the sulfur content of the resulting product. However, the reliability of this method is doubtful because the labile chlorine content found is not constant and increases (up to 4.0%) with the contact times of the reagent.
In this study, we investigated the utility of ATRP in the grafting of n-butyl acrylate (BA) and 2-ethyl hexyl acrylate (EHA) by initiation via the labile chlorines of PVC.
More recently, Percec and coworkers 20, 21 succeeded in grafting styrene and butyl methacrylate monomers from labile chlorines of PVC in diphenyl ether at 120°C. In this study, we studied the graft copolymerization of BA and EHA from labile chlorines of PVC by copper-mediated ATRP with 1,2-dichlorobenzene at 90°C. Hexylated triethylenetetraamine (H-TETA) was used as a ligand and formed organosoluble copper complexes. This ligand provided entirely homogeneous ATRP conditions. 22 The kinetics of the copolymerization were investigated, and the structures of the resulting copolymers were confirmed by NMR spectroscopy.
EXPERIMENTAL Materials
BA (Fluka) was purified by distillation. EHA (Aldrich) was rendered inhibitor-free via shaking with a 0.1 M NaOH solution. PVC [Aldrich; numberaverage molecular weight (M n ) ϭ 93,000, polydispersity index (PDI) ϭ 1.718] was used as obtained. Fourier transform infrared (FTIR) spectra were recorded with a Matson 1100 IR spectrometer with cast films of the polymer samples.
Gel permeation chromatography (GPC) traces of the graft copolymer samples were taken with an Agillant 1100 series instrument, which consisted of a pump, a refractive-index detector, and Waters Styragel (HR 4, HR 3, and HR 2) columns. Tetrahydrofuran (THF) was used as the eluent, and the flow rate was 0.3 mL/min. Before the manipulations, copper residues in the samples were removed by reprecipitation twice in acetic acid/ethanol mixtures (1/1). Thus, about 0.2 g of the light blue products was dissolved in THF (10 mL) and precipitated in 25 mL of the acetic acid/ ethanol mixtures. This procedure gave copperfree white polymers, which were pure enough to use in NMR and GPC experiments. In this way, traces of copper remaining in the samples were transferred into the solution as acetate salts.
Preparation of CuBr
CuBr was freshly prepared according to a procedure described in the literature. 23 
Preparation of the Ligand
The ligand H-TETA [called hexacis-(1,1,4,7,10,10-hexyl,1,4,7,10-tetraazadecane) by IUPAC] was prepared by the condensation of triethylenetetramine with 1-bromo hexane as previously described. 21 
Graft Copolymerization
The graft copolymers of PVC with BA and EHA were prepared in 1,2-dichlorobenzene as a solvent at 90°C.
Graft Copolymerization of BA from Labile Chlorine
Atoms of PVC PVC (6.25 g, 0.1 mol) was dissolved in 100 mL of 1,2-dichlorobenzene. This solution was transferred into a 250-mL flask equipped with a magnetic stirrer and a reflux condenser. Nitrogen was flushed through the solution for 3 min. Then, 14.3 mL (01 mol) of BA, 0.325 g (0.001 mol) of H-TETA, and 0.08 g (0.001 mol) of Cu(I)Br were added to the flask. The graft copolymerization was carried out under a nitrogen atmosphere. Then, the flask was immersed in a thermostated oil bath and stirred at 90 Ϯ 1°C at a constant stirring rate (400 rpm). The polymerization was continued for 7.5 h, and the reaction kinetics were followed by the monitoring of the progressive mass increases of the aliquots (ca. 5 mL of each) taken at predetermined time intervals. These aliquots were poured into THF/acetic acid mixtures (15 mL, 10:1) to stop the reaction and to remove the copper residues. Then, the polymer solutions were precipitated in ethanol (40 mL). The products were filtered by suction and washed with ethanol and water. The samples were dried at room temperature for 24 h in vacuo and weighed.
To separate the free homopolymer from the product, the product was dissolved in THF (10 mL), precipitated in n-butanol (25 mL), and filtered. The filtrate was poured into methanol. However, no precipitate was observed.
Graft Copolymerization of EHA
The same procedure was followed for the grafting of EHA, except that the aliquots were precipitated in n-butanol directly for the removal of the free homopolymer.
RESULTS AND DISCUSSION
Labile chlorines of PVC resulting from structural defects formed during the radical polymerization of vinyl chloride can act as initiation sites for the direct grafting of PVC by copper-mediated ATRP.
In this way, the graft copolymers PVC-g-poly-(EHA) and PVC-g-poly(BA) were prepared with high-conversion yields (Scheme 1).
The graft copolymerizations were carried out in 1,2-dichlorobenzene as a solvent at a constant temperature of 90°C. 1,2-Dichlorobenzene was selected as the proper solvent for PVC. Other common solvents, such as cyclohexanone and methyl ethyl ketone, were not chosen because of possible side reactions yielding brominated derivatives with cuprous bromide.
The ligand was H-TETA, which formed completely soluble copper complexes in organic solvents. This formulation enabled us to perform ATRP under entirely homogenous conditions. The graft reaction kinetics were followed by the progressive mass increases of the polymer samples taken from the reaction mixture at different time intervals. The grafting of PVC at 90°C was reasonably fast for both monomers. Grafting yields of 161.8 and 51.2% were attained in 7.5 h for BA and EHA monomers, respectively (Table 1) .
Interestingly, no free homopolymers of BA and EHA were detected throughout the polymerizations. For the detection of any probable free homopolymer formation, the graft copolymer samples were precipitated in butanol, and butanol filtrates were added to an excess of methanol. No precipitate was observed. These observations clearly indicated that the homopolymers were not present in the graft products.
Moreover, only one peak appeared in each GPC trace (Fig. 1) , and this revealed that neither unreacted PVC nor acrylate homopolymers were present in the reaction products. In the case of Almost linear plots of ln(M 0 /M) versus time were obtained for BA and EHA graft reactions ( Fig. 2; M 0 is the initial monomer concentration and M is the monomer concentration at any time, which is found by the subtraction of the amounts of the monomers involved in grafting from the initial monomer concentrations). The linearity of the semilogarithmic plots implied first-order kinetics of grafting for both monomers.
The corresponding rate constants were 3.34 ϫ 10 Ϫ5 and 4.48 ϫ 10 Ϫ6 s Ϫ1 for BA and EHA, respectively. The low grafting rate for EHA might be due to the high molecular weight of this monomer. Moreover, the M n -conversion plots were also linear (Fig. 3) this being typical behavior for copper-mediated ATRP. Because the PDI of the commercial PVC that we used was high (1.718), the PDIs of the graft copolymer samples were relatively high and typically were 1.99 -1.56, as shown in Figure 4 . Sharp increases were observed in the PDIs at the beginning of the reactions. These values were around 1.6 at high conversions.
The presence of attached chains of BA and EHA was also evidenced by FTIR and 1 H NMR spectra of the graft products. In the FTIR spectra, the appearance of characteristic CAO stretching vibrations of the acrylate repeat units at 1715 cm Ϫ1 established the graft structures. The 1 H NMR patterns (Fig. 5) . of the graft copolymers seemed to be superpositioned 1 H NMR spectra of the individual components. Typical signals of the methyl protons of the butyl or hexyl groups were discernible as broad bands around 1 ppm, which indicated the incorporation of BA and EHA chains into the graft products. All the other proton signals were broadened at 1.5-3 and 4 -4.9 ppm. The former signal must be associated with the sum of the methine protons of PVC with the OOCH 2 O protons of the ester groups of the acrylate units. The integral ratio of the signal at 4 -4.9 ppm to the signal at 1 ppm yielded 0.75 BA repeat units per PVC repeat unit. This rough estimation was very close to the value (0.79) obtained from the mass increase.
A similar inspection of an EHA graft sample obtained after 7.5 h yielded 14.3 EHA repeat units per 100 repeat units of PVC. This amount was also comparable to the value (17.4) found from the mass increase of the sample. As a result, the spectroscopic measurements qualitatively confirmed the expected graft structures.
We also attempted to estimate the lengths of the polyacrylate chains by the determination of the labile chlorine content of the starting PVC with the method suggested by Caraculacu et al. 19 However, the values that we found were in the range of 0 -2.6% (mol/mol) and varied with both the temperature and contact time of the sulfur reagent. After 7.5 h at 90°C, the determined value (2.6%) corresponded to 2.6 initiation sites per 100 repeat units of PVC. The ratio of the BA repeat units to the number of initiation sites was, therefore, 79/2.6 ϭ 30.4. In other words, an average of 30 repeat units of BA might be present in 1 H NMR spectrum of PVC-g-poly(BA) obtained after a reaction time of 7.5 h. each graft chain. However, the reliability of this value (2.6) is doubtful. We believe that this assumption is not true not only because of the unreliability of the labile chlorine content found but also because of the reactivity differences of the halogens at the ends of the graft chains and the labile chlorines in the backbone of PVC.
Prolonged graft reactions (Ͼ24 h) resulted in gelation. This might be largely due to the formation of additional new primary radicals during the chain growth. The combination of these radicals was expected to form partially crosslinked gel products with longer reaction times.
CONCLUSIONS
BA and EHA can be efficiently grafted from labile chlorines of commercial PVC by copper-mediated ATRP. This process does not require the use of additional comonomers or modified functional groups with active halides for the initiation of ATRP. The presented process offers a relatively simple method of efficiently grafting BA and EHA for the preparation of self-plasticized PVC.
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